Before fertility traits were incorporated into selection, dairy cattle breeding primarily focused on production traits, which resulted in an unfavorable decline in the reproductive performance of dairy cattle. This reduced fertility is constantly challenging the dairy industry on the efficiency and sustainability of dairy production. Recent development of genomic selection on fertility traits has stabilized and even reversed the decreasing trend, showing the effectiveness of genomic selection. Meanwhile, genome-wide association studies (GWAS) have been performed to identify quantitative trait loci (QTL) and candidate genes associated with dairy fertility, providing a better understanding of the genetic architecture of fertility traits. In this review, we provide an overview of the genetics of fertility traits, summarize the findings from existing GWAS of female fertility in dairy cattle, and update the recent research progress in US dairy cattle. Because of the polygenic nature of fertility traits, many GWAS of dairy fertility tended to be underpowered. Only 1 major QTL, on BTA18, was identified across multiple studies. This QTL was associated with a range of fertility traits from conception to calving, but the candidate gene or mutation is still missing. Collectively, with the promising success from genomic selection but low power of GWAS on dairy fertility traits, this review calls for continuous data collection of fertility traits to enable more powerful studies of dairy fertility in the future.
INTRODUCTION
For more than 40 yr until 2002, increases in Holstein milk production were accompanied by declines in female fertility, as shown by the genetic trends for milk yield and daughter pregnancy rate in Figure 1 (Hansen et al., 1983; de Vries and Veerkamp, 2000; Royal et al., 2000; Hayes et al., 2009 ). This trend has only recently leveled out and begun to improve (García-Ruiz et al., 2016) . Successful conception in Holstein cows now requires approximately 50 d longer than it did 50 yr ago (−1% daughter pregnancy rate = +4 d open; VanRaden et al., 2004) . Although reproduction traits generally exhibit low heritability (Seykora and McDaniel, 1983; Pryce et al., 1997; Kadarmideen et al., 2003; Jiang et al., 2017) , the genetic antagonism of milk production and fertility, as well as the unfavorable decline in fertility that occurred during genetic selection, showed the importance of genetic contribution to fertility traits (Hansen et al., 1983; Pryce et al., 1997; Lucy, 2001; Kadarmideen et al., 2003; Veerkamp and Beerda, 2007; Walsh et al., 2011; . In addition, variation in fertility between and within breeds indicated the possibility of improving fertility without severely slowing genetic gain for milk production (Philipsson, 1981; Royal et al., 2000; Lucy, 2001; Cochran et al., 2013) , which has been supported by the stabilization and reversal of the declining trend in daughter pregnancy rate since 2003 ( Figure 1B ), when fertility started to be included in the USDA national genetic evaluation (VanRaden et al., 2004) .
Dairy fertility is a complex phenotype affected by many factors that include nutrition, management, environment, and genetics (Butler, 2000; Royal et al., 2000; Roche, 2006; Wathes et al., 2007; Berry et al., 2014) . The complex nature of fertility calls for the use of all available resources and tools, including genetic methods, to understand and improve fertility. It has been shown that genetic factors with additive and nonadditive effects contribute to fertility, and sequence-based large sample analysis will lead to the most productive Symposium review: Genetics, genome-wide association study, and genetic improvement of dairy fertility traits* genomic discovery and application to improve fertility traits (Daetwyler et al., 2014; Jiang et al., 2017) .
Many studies have been conducted to discover causal or tightly linked genetic variants and to apply these genomic discoveries to improve dairy fertility. The genetic components of fertility range from simple monogenic effects of recessive lethal mutations Kadri et al., 2014) to complex mechanisms that involve multiple genes with additive and nonadditive effects (Wakasugi, 1974; Khatkar, 2004; Huang et al., 2010; Sahana et al., 2010; .
Current SNP chips have contributed to the successes of genomic selection and to the efforts of discovering genetic variants associated with fertility but offer only limited coverage of genes and the genome. Genome sequence covers all genes and genomic regions that affect fertility and offers the best power to detect fertilityrelated variants and regions and to predict fertility traits . Sequence-based genomic selection can potentially improve accuracy by increasing the linkage disequilibrium between SNP markers and causal mutations, particularly for fertility traits 
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where causal mutations are of low frequency because of selection (Meuwissen and Goddard, 2010; Clark et al., 2011; Hickey, 2013; Druet et al., 2014; Georges, 2014; MacLeod et al., 2014; VanRaden et al., 2017) . Largescale sequence-based association studies are ongoing in humans (1000 Genomes Project Consortium et al., 2012 Morrison et al., 2013; Georgi et al., 2014) and will be the future for livestock animals (Daetwyler et al., 2014; Georges, 2014; Pausch et al., 2014) .
This review provides an overview of the past genetic and genomic studies of fertility and related traits in dairy cattle, including descriptions of fertility traits and their heritabilities, genome-wide association studies (GWAS), correlations of fertility with other traits, and genetic and genomic selection of dairy fertility traits.
OVERVIEW OF FERTILITY TRAITS IN DAIRY CATTLE
Fertility in dairy cattle is a complex phenotype affected by many factors involving the entire reproductive cycle from conception to calving and genetics in both sexes (Ayalon, 1978; Diskin and Morris, 2008) . Although reproductive records can be largely affected by management decisions, the dairy industry and researchers have been devoted to developing accurate fertility traits in the past 20 yr (VanRaden et al., 2004; Jorjani, 2006; Cole et al., 2007) .
Fertility Traits Exchanged by Interbull
Since 2007, Interbull (Uppsala, Sweden) has combined national evaluations of female fertility traits from many populations (Jorjani, 2006) , including 20 participating countries as of April 2018. Trait definitions often differ across countries and are grouped into 5 common traits exchanged internationally: (1) maiden heifer's ability to conceive, (2) interval from calving to first insemination or estrus, (3) cow conception rate, (4) cow conception interval, and (5) interval from calving to conception, calving interval, or days open. Precise definitions of the trait definitions, edits, and calculation methods from each country are documented by Interbull, and each participating country receives the combined multitrait across-country evaluations of bulls from all participants.
Fertility and Related Traits in the United States
The USDA Animal Genomics and Improvement Laboratory (AGIL; Beltsville, MD) and Council on Dairy Cattle Breeding (Bowie, MD) have developed a comprehensive set of US fertility traits covering the whole reproductive cycle, including daughter pregnancy rate, heifer and cow conception rates, sire conception rate, sire and dam stillbirth, sire and dam calving ease, gestation length, age at first calving, and calving to first insemination (Table 1 ). These phenotypes have been routinely collected by the DHIA (Verona, WI) using methods approved by the International Committee for Animal Recording (Rome, Italy; Egger- Danner et al., 2013) . Genomic predictions include the national phenotypes plus the multitrait across-country evaluation fertility data from Interbull.
The US fertility traits cover the main components of reproduction: cycling, conceiving, embryo survival, and calving. Conception is measured by heifer, cow, and sire conception rates. Cycling is measured by calving to first insemination and included in daughter pregnancy rate. Embryo survival is also included in daughter pregnancy rate. Calving includes stillbirth and calving difficulty effects from the calf's sire and maternal Heifer, lactating cow, and sire's ability/contribution to conceive defined as percentage pregnancy at each service (Taylor et al., 1985; Kuhn and Hutchison, 2008; Albarrán-Portillo and Pollott, 2013; Galvão et al., 2013) 0.5 to ~8%
Daughter pregnancy rate Percentage of cows that become pregnant during each 21-d period (VanRaden et al., 2004; Parker Gaddis et al., 2014) 3 to ~5%
Calving to first insemination Cow's ability to start cycling defined as days from calving to first insemination (Shannon et al., 1952) 6 to ~10% Stillbirth (service sire and daughter; 2 traits)
Percentage of stillborn births, where stillborn calves are scored as dead at birth or born alive but died within 48 h of birth (Cole et al., 2007 (Cole et al., , 2011 3 to ~6%
Calving ease (service sire and daughter; 2 traits)
Percentage of births that are difficult; sire and daughter calving ease measures tendency of calves from a service sire and cow to be born (Mwaanga and Janowski, 2000; Cole et al., 2007) 2 to ~5%
Age at first calving Expressed as the age of first calving calculated from birth dates; age at first calving encompasses puberty and ability to conceive, gestate, and deliver a calf (Gill and Allaire, 1976; Hutchison et al., 2017a) 6 to ~10%
Gestation length Length of the period beginning with fertilization and ending at birth (Burfening et al., 1978; Norman et al., 2009) grandsire. Gestation length is another fertility-related trait. These fertility traits measure the separate contributions of sire and dam. Recessive haplotypes affecting fertility and genomic inbreeding coefficients for each potential male-female mating are also reported (Sun et al., 2013) . Breeders use these to reduce harmful genetic interactions of sire and dam that directly affect the embryo.
Low Heritability of Fertility Traits
It is generally accepted that fertility traits have low heritability (Weller and Ron, 1992; Boichard and Manfredi, 1994; Pryce et al., 1997; Lucy, 2001; Kadarmideen et al., 2003; Veerkamp and Beerda, 2007; Walsh et al., 2011; . The low heritability of fertility traits (Table  1 ) may involve many contributing factors, including the genetic and biological complexity of fertility, difficulty and inaccuracy in the measurement of fertility traits, and the strong correlation with fitness and reproduction (Merilä and Sheldon, 1999; Mackay, 2001 ). Many fertility traits are difficult to measure and are largely affected by management decisions, including days open, that highly correlate with conception and pregnancy rates. In addition, mutations or variants of fertility are kept at low frequency because of natural selection on fitness-related traits, thereby leading to smaller genetic variation and heritability of fertilityrelated traits (Slatkin, 1985; Merilä and Sheldon, 1999; Mackay, 2001; Bamshad and Wooding, 2003) . This lowfrequency QTL hypothesis for fertility is also supported by the identification of several low-frequency embryonic lethal haplotypes by the researchers at USDA-AGIL Sonstegard et al., 2013; McClure et al., 2014) . However, the differences in fertility between and within cattle breeds, as well as the difference between contemporary Holsteins and those of 50 yr ago, suggest the existence of genetic variation underlying dairy fertility and imply the possibility of improving the genetic component of fertility without severely slowing genetic gain for milk production ( VanRaden et al., 2004; Cochran et al., 2013) . In addition to DNA variations, other related determinants of fertility traits have been investigated, including transcriptome, methylation, and microbiomes (Veerkamp and Beerda, 2007; Williams, 2013; Kropp et al., 2017) .
GWAS OF FERTILITY TRAITS
Together with the implementation of genomic evaluation, GWAS have been conducted to discover hundreds of genomic regions and candidate genes associated with diverse traits in many cattle populations (Hu et al., 2016) . Cattle GWAS, especially for dairy cattle, have several unique features compared with other species. First, cattle have a small effective population size (hundreds) and therefore high level of linkage disequilibrium across the cattle genome (Hayes et al., 2003) . Second, due to the high linkage disequilibrium between SNP, cattle GWAS can have a higher statistical power but lower precision. Third, cattle GWAS often use genetic merit as phenotype, which is much more accurate than single phenotypic records in humans. Fourth, cattle populations are closely related due to the intensive use of AI with influential bulls, and hence different cattle GWAS studies had less independence between them.
Review of 295 Published Cattle GWAS
With these unique features of cattle GWAS and the low heritability of fertility traits, we aim to review a few most powerful GWAS of dairy fertility traits. We manually checked 295 references of cattle GWAS published from 1996 to 2018 that are collected in the CattleQTLdb (Hu et al., 2016) . Focusing on Holstein cows, we selected 8 publications that studied female fertility traits (Table 2 ). These studies can be powerful with a sample size of thousands of cows or bulls for cattle GWAS. For this review, we summarize the associated genomic regions across 8 different studies, report the most promising QTL and genes related to dairy fertility, and investigate the effects of these associated loci on different dairy traits. This review provides information on the genetic correlation between fertility and other traits and elucidates the selection pressures on these major fertility QTL.
Underpowered GWAS for Fertility Traits
Although male fertility and female maturation have just started to be included in the cattle GWAS (Taylor et al., 2018) , most of the past studies we reviewed used conception-and calving-related traits in cows (Table  2) . Different from dairy production traits, GWAS of fertility traits tend to be underpowered and have difficulty finding major QTL shared across studies (Table  3) . Using a strict genome-wide significance level, only 1 QTL on BTA18 was identified across studies. The 8 GWAS with relatively large sample sizes mostly reported study-specific QTL of fertility, and some of them found no positive results. This is consistent with the low heritability of fertility and the complex nature of fertility traits that are often influenced by management decisions. Considering the low power and differences between these GWAS studies, these study-specific QTL can still be valid but are located across several chromosomes, including BTA 1, 3, 5, 6, 7, 8, 12, 20, and 26 (Table 3) .
Major Fertility QTL on BTA18
Five out of 8 studies found the QTL on BTA18 to be significantly associated with fertility traits. This QTL has the largest effect on net merit, a composite trait measuring the final genetic value of an animal, in the US genomic evaluation. More importantly, this QTL is associated with a range of fertility traits from conception to calving as well as body conformation traits (Table 3) . Although this QTL has been detected by several studies, the causative gene or mutation is still missing. A few candidate genes are located in this QTL region, including clusters of sialic acid binding Ig-like lectin genes and zinc finger protein genes; however, several studies have failed to conclusively identify the causal genetic variant Seidenspinner et al., 2009; Purfield et al., 2015; Mao et al., 2016; Müller et al., 2017) . Future studies are still needed to pinpoint the candidate genes and mutations underlying this large QTL on fertility. Cole et al. (2009) also suggested that the pleiotropic effects of this QTL may originate from the effect on embryo development and growth, which would result in this QTL having opposite effects on production and reproduction. These antagonistic effects can put this QTL under balancing selection to maintain intermediate frequency, resulting in a major QTL of fertility in the cattle population. This mechanism of generating major QTL is similar to the well-known gene DGAT1 that has opposite effects on protein and fat. 
GENOMIC IMPROVEMENT OF FERTILITY TRAITS IN US DAIRY CATTLE
Whereas GWAS focus on the large QTL of fertility, genomic selection of fertility traits uses all QTL (SNP) in the genome. Therefore, genomic selection can still be effective for traits with low heritability, such as fertility, compared with GWAS. With a continuously decreasing cost of genotyping, genomic selection provides a better return on investment, especially for large producers. This trend of more large producers adopting genomics technology has been observed in the US dairy industry. Before 2002, US genomic selection primarily focused on dairy production traits, which resulted in an undesired decline in fertility (Figure 1 ). Since then, fertility traits have been added to the US genomic evaluation: calving ease in 2002, daughter pregnancy rate in 2003, stillbirth in 2006, and cow and heifer conception rates in 2010. With these fertility traits implemented in the selection system, desired changes have been obtained in the Holstein population (Figure 2 ). These positive responses to selection on fertility traits support the efficiency of genomic selection, even for low-heritable traits. In addition, since the recessive lethal haplotypes were first identified by VanRaden et al. (2011) , these deleterious mutations have been routinely scanned and removed from the dairy population (Cooper et al., 2014; Biffani et al., 2015; Biscarini et al., 2016; Schütz et al., 2016) , which can help further increase the fertility of dairy cattle. Despite the success of genomic selection in improving economically important traits in dairy cattle, there are potential negative effects of genomic selection, including the hindrance of developing resilient cattle and loss of diversity, that may negatively affect the long-term selection responses (Notter, 1999; Hayes et al., 2009 ).
Recent Research Progress
The USDA-ARS AGIL as the center for US dairy genetic evaluations is devoted to genetically improving dairy profitability including fertility (http: / / aipl .arsusda .gov/ ). To date, AGIL has developed successful research programs from genomic selection to GWAS in dairy cattle. Here, we review a few recent research developments related to fertility. The current selection index named "net merit" assigns approximately 10% weighting for 3 conception rates (https: / / aipl .arsusda .gov/ reference/ nmcalc -2018 .htm). Evaluations for more traits allow producers with different fertility manage- ment to select for different traits. For example, cycling is more important with natural heat detection, whereas conception rate is more important with timed AI. More dairy producers are breeding their poor females to beef bulls, allowing Angus bulls to be ranked for fertility (Hutchison et al., 2017b) . Age at first calving combines heifer growth and fertility and is automatically recorded in all DHI data. After evaluating the benefit of this new trait, AGIL is currently working on adding age at first calving to the genomic evaluation (Hutchison et al., 2017a) . More recent research supports the existence of genetic contributions to superovulation, in vitro fertilization, and embryo transfer in Holstein cattle (Parker Gaddis et al., 2017) . Sire conception rate is widely used but poorly understood because it changes across the bull's life. More research has been done to evaluate sire conception rate for heifer and cow inseminations with conventional and sexed semen (Norman et al., 2011) . The breeding value of gestation length has been newly calculated to help with fertility management. Spontaneous abortions observed between 152 and 250 d of gestation have been recorded in DHI for decades but have not been genetically evaluated as a separate trait (Norman et al., 2012) . Twinning rate is also not evaluated yet, but twin births have been reported along with calving ease and stillbirth data for decades. Recombination rate has been shown to be heritable with several major QTL identified (Ma et al., 2015) . Thus, a more detailed understanding of the genetic factors that affect fertility will be possible in the near future.
CONCLUSIONS
Fertility traits are complex with low to moderate heritability, especially for conception records that are impeded by management decisions. Current GWAS of fertility traits tend to be underpowered, highlighting the need for continuous data collection to enable larger and more powerful studies. Despite the low power of most GWAS, a major QTL on BTA18 associated with a spectrum of fertility traits was identified by multiple studies; however, future research is still needed to pinpoint the underlying genes and mutations. More importantly, the recent genomic selection on fertility traits has successfully reversed the declining trends on dairy fertility, indicating that genetic improvement of fertility traits is possible even though fertility has low heritability.
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